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ABSTRACT
Context.
Aims. Multi wavelength observations of Cassiopeia A (Cas A) have provided us with strong evidence of circumstellar material
surrounding the progenitor star. It has been suggested that its progenitor was a massive star with strong mass loss. But, despite the
large amount of observational data from optical, IR, radio, and x-ray observations, the identity of Cas A progenitor is still elusive.
Methods. In this work, we computed stellar and circumstellar numerical models to look for the progenitor of Cas A. The models are
compared with the observational constraints that come from chemical observed abundances and dynamical information.
Results. We first computed stellar evolution models to get time-dependent wind parameters and surface abundances using the code
STERN. To explore the range of masses proposed by several previous works, we chose a set of probable progenitor stars with initial
masses of 23, 28, 29, 30, and 33 M , with initial solar composition (Y=0.28, Z=0.02) and mass loss. The derived mass loss rates
and wind terminal velocities are used as inner boundary conditions in the explicit, hydrodynamical code ZEUS-3D to simulate the
evolution of the circumstellar medium. We simplified the calculations by using one-dimensional grids in the main sequence and red
super giant (RSG) stages, and two-dimensional grids for the post-RSG evolution and supernova (SN) blast wave.
Conclusions. Our stellar set gives distinct SN progenitors: RSG, luminous blue super giants (LBSGs), and Wolf-Rayet (WR) stars.
We named these type of stars “luminous blue super giant” (LBSGs) to distinguish them from normal blue super giants (BSGs) of much
lower initial masses. The 23 M star explodes as an RSG in a ρ ∼ r−2 dense, free-streaming wind surrounded by a thin, compressed,
RSG shell. The 28 M star explodes as an LBSG, and the SN blast wave interacts with a low density, free streaming wind surrounded
by an unstable and massive “RSG+LBSG” shell. Finally, the 30 and 33 M stars explode as WR stars surrounded by fast WR winds
that terminate in a highly fragmented “WR+RSG shell”. We compared the surface chemical abundances of our stellar models with
the observational abundances in Cas A. The abundance analysis shows that the progenitor was a star with an initial mass of about 30
M , while the hydrodynamical analysis favors progenitors with initial masses around 23.
Key words. stars: evolution — circumstellar matter — hydrodynamics — supernova remnants — ISM: bubbles — ISM: individual
(Cassiopeia A)
1. Introduction
Cas A is the youngest galactic SN remnant (∼ 327 years old
Thorstensen et al. 2001) and it has been extensively studied in
all wavelengths from radio to γ-rays. The observational data ob-
tained in all wavelengths has provided us with a wide set of ob-
servational constraints that, taken together, put strong limits on
the nature of its progenitor. Optical emission in Cas A shows an
expanding ring of ∼ 4’ in diameter, which gives a radius of 2 pc,
assuming a distance of 3.4 Kpc (Reed et al. 1995), and it comes
mainly from three distinctive types of objects: (1) The fast mov-
ing knots (FMKs) with high velocities (∼ 4,000 - 6,000 km s−1 )
that seem devoid of hydrogen and are enhanced in oxygen and
other heavy elements synthesized from stellar O burning (Si, S,
Ca, Ar). Their high velocities and chemical composition imply
that they are material ejected in the SN explosion as shrapnel
from the stellar core or mantle (Johnston & Yahil 1984). Most of
the FMKs with ∼ 6, 000 km s−1 are located in the optical main
shell at ∼ 2 pc, although faster FMKs lies on the “jet”. (2) The
quasi stationary floculii (QSFs) are optical knots with lower ve-
locities (≺ 400 km s−1 ), strong spectral lines of helium and ni-
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trogen, and hydrogen deficient. QSFs show high N/H and He/H
ratios (N/H ∼ 10 and He/H ∼ 5 - 10; Chevalier and Kirshner
1978) and they are located closer to the star, with average radii
of ∼ 1.5 pc. (3) The nitrogen knots (NKs) have the highest ve-
locities (∼ 7,000 - 9,000 km s−1 ) and are distributed outside
of the main, optical emission shell at an average radius of ∼ 3
pc. Detected by Fesen (2001), the NKs spectra are dominated by
two [N II] lines in the 4,500 - 7,500 A spectral range, and appar-
ently, the NKs were ejected with a uniform, high velocity. Their
N to Hα flux ratios imply N/H ∼ 10 - 30 times solar abundances.
Cas A also shows strong emission in other wavelengths: ra-
dio emission is generally associated with the contact disconti-
nuity (Vink 2005). Bulk x-ray emission comes from hot mate-
rial shocked by the SN shock fronts (Fabian et al. 1980). Soft
x-rays have been detected associated to QSFs (De Laney et al.
2004) and hard x-ray filaments are associated with the forward
and reverse shocks. The external x-ray filaments are associated
with the forward shock wave at an average distance of 153”
± 12” (2.5 ± 0.2 pc) to the emission center, and evidence has
been found about the reverse shock position in an average ra-
dius of 95” ± 10” (1.6 ± 0.17 pc) to the x-ray emission cen-
troid (Gotthelf et al. 2001). Proper motion measurements made
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in optical, radio, and x-rays show variations in the expansion rate
from 0.1 % to 0.3 % yr−1 (Thorstensen et al. 2001).
Despite all the observational data from optical, infrared, ra-
dio, and x-rays, the identity of Cas A progenitor has remained
ambiguous. It has been suggested that the progenitor was a mas-
sive star with a strong mass-loss rate. Using optical abundances,
Peimbert and van den Bergh (1971) and Chevalier (1976) pro-
posed that the Cas A progenitor star lost the H-He envelope pre-
vious to the SN explosion and that the QSFs are remnants of
that material. Lamb (1978) explained the nitrogen enrichment of
QSFs as the result of CNO burning in combination with mass
loss. Based on the nitrogen abundances, many authors have pro-
posed that Cas A is the result of the explosion of a WN star
(Peimbert 1971; Fesen et.al. 1987). QSFs are thought to be RSG
wind-shocked by the WR progenitor wind previous to the SN
(Garcı´a-Segura et al. 1996). The NKs are thought to be expelled
from the photosphere of the progenitor star at the SN explosion,
and they are the evidence that the progenitor star must have a
nitrogen-rich photosphere, but is H-deficient. Some authors sug-
gested a RSG progenitor (Chevalier & Oishi 2003) or a blue su-
per giant (BSG) progenitor (Borkowski et al. 1996), based on the
CSM and shock front dynamics. Binary scenarios for the Cas
A progenitor have also been discussed by Young et al. (2005).
However, most authors agree that the progenitor stellar mass
(at ZAMS) lies between 20 and 35 M with strong mass loss
(Fabian et al. 1980; Fesen, Becker & Blair 1987; Jansen et al.
1988; Vink et al. 1996; Garcı´a-Segura et al. 1996, Young et al.
2005).
Generally, hydrodynamical calculations of the CSM as-
sumed idealized winds with constant properties, but the stel-
lar winds depend on stellar luminosities, masses, radii, and
metallicities so the wind parameters change as the stars evolve
(Nieuwenhuijzen & de Jager 1990). More realistic models, how-
ever, require a prescription for the mass-loss rate and stellar wind
velocity as the star evolves in the Hertzpung-Rusell (HR) dia-
gram, coupling the evolution of the CSM to the star itself. The
stellar wind interacts with the surrounding matter and the behav-
ior of the CSM is tightly bound to the stellar evolution.
In this work we have combined the observed chemical abun-
dances and dynamical information to make constraints for the
Cas A progenitor, and compare the observations with our mod-
els to find the progenitor mass. We computed theoretical models
of stellar and circumstellar evolution for stars in the mass range
generally accepted by most authors.
We used the hydrodynamic, stellar evolution code STERN to
build up a set of evolutionary, non-rotating, stellar models with
initial masses in the range from 23 to 33 M , with solar compo-
sition and mass loss. From our stellar models, we obtained sur-
face chemical abundances, mass-loss rates, and wind velocities
as a function of time during the whole stellar evolution, from
zero age main sequence (ZAMS) up to end-of-core O burning
(i.e., almost pre-SN stage). Thereafter, we used the mass-loss
rates and wind velocities, and a prescription for the SN ejecta,
to build up numerical models of the CSM evolution, to compare
them with the dynamical and morphological features of Cas A.
To simulate the CSM and the SN blast wave, we used the ZEUS-
3D code , using the stellar evolution outputs as inner boundary
conditions.
The paper is organized as follows. Section §2 describes the
computational methods and the input physics used in our nu-
merical models. Section §3 describes the stellar evolution mod-
els from ZAMS to pre-SN. Section §4 shows the hydrodynami-
cal simulations of the CSM covering the whole stellar evolution.
The hydrodynamical simulations also includes the SN ejecta and
the interaction with the CSM for 1,000 yr after the explosion.
Section §5 compare our numerical results with several observa-
tional constraints for Cas A. Finally, §6 gives a summary and our
conclusions.
2. Computational methods
The numerical methods used in this work are similar to those
in Garcı´a-Segura et al. (1996, hereafter GLM96AB). The stellar
models were produced with the stellar code STERN (Langer et
al. 1985, Heger 1998) for stars with 23, 28, 29, 30 y 33 M (at
ZAMS) with solar metallicity (Y = 0.28; Z = 0.02) and mete-
oritic proportion by Grevesse and Noels (1993). All models as-
sume single stars without stellar rotation. We adopted the OPAL
opacities by Iglesias and Rogers (1996), equation of state from
Langer et. al. (1988), and an external boundary condition to
set a stellar atmosphere in expansion (Heger & Langer 1996).
The network of nuclear reactions includes 35 isotopes, 0n, 1−2H,
3−4He, 6−7Li, 7−9Be, 8−10−11B, 11−12−13C, 12−14−15N, 16−17−18O,
19F, 20−21−22Ne, 23Na, 24−25−26Mg, 26−27Al, 28−29−30Si, 56Fe, and
the reaction rates from Caughlan & Fowler (1988), except for
the 12C(α, γ)16O rate where we used the rate of Caughlan &
Fowler (1988) multiplied by 1.7. We used the Ledoux criterion
for stellar convection, and the processes of convective transport
was considered as diffusive processes according to Langer et
al. (1985). Convective overshooting was taken into account dur-
ing core H-burning with an effective convective, overshooting
distance of 0.2 times the local pressure scale height (Stothers
& Chin 1991). Also we adopt a mixing-length parameter of
α = L/HP = 1.0 in the main sequence. In the RSG the α param-
eter was set to 2.0 to avoid dynamical instabilities in the outer
envelope of our models related to high radiation pressure and
partial ionization of the gases in the outer layers (Stothers &
Chin 2001). In the calculations, we adopted the empirical for-
mulation of the mass-loss rate by Nieuwenhuijzen & de Jager
(1990) for all evolutionary stages, except in the RSG and WR
phases. Mass-loss rates in the upper end of the HR diagram are
uncertain by a large factor, particularly for RSG stars (Chiosi &
Maeder 1986). In the RSG phase we used the Nieuwenhuijzen
& de Jager mass loss rate multiplied by a factor of 2.0, to al-
low post-RSG evolution in our models with masses higher than
30 M , according to empirical observations by Humphreys &
Nichols (1985). If the surface hydrogen mass fraction fall below
Xs < 0.4 the star begins a WR phase, and the mass-loss rate was
chosen according to Langer (1989). More recent WR mass-loss
rates, slightly lower than ours, have been determined by Nugis
& Lamers (2000), so that, our WR mass loss rates must be con-
sidered as an upper limit. The WN-H rich (or WNL) phase starts
when a star becomes a WN star (surface-H ≺ 0.3) while WN-He
(WNE) phase begins when the surface hydrogen becomes zero;
WC/WO indicate the stage when surface carbon abundance in-
creases Cs > 0.03.
The stellar evolution models was computed from ZAMS up
to O core exhaustion previous to Si burning. At this stage, the
star is in the pre-SN stage, a few days or hours from the SN
explosion.
The derived mass-loss rates and terminal wind velocities
are used as time-dependent, inner boundary conditions in the
magnetohydrodynamical code ZEUS-3D, a three-dimensional,
finite-difference, Eulerian explicit code (Stone & Norman 1992,
Clarke 1996). This code integrates the hydrodynamical ideal gas
equations in the absence of viscosity. We used spherical coordi-
nates, with periodic boundary conditions in the alt-azimuthal di-
rection. The simulations we are done in one-dimensional (1D) or
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two-dimensional (2D) grids as a function of the stellar evolution-
ary stage. We calculated 1D simulations in the main sequence
and red super giant phases because of the dynamical behavior
of their swept-up shells (GLM96AB). Post-RSG evolution was
computed on 2D grids because of the strong unstable behavior
of the formed structures, especially in WR phases (GLM96AB).
The size of the computational 1D domain is rmax = 50pc, with
1,000 radial zones, giving a spatial resolution of 0.05 pc/cell.
Hereafter, the variables were interpolated on smaller 2D grids to
compare with the real dimensions of Cas A. The 2D grids have
a computational domain of r = 15 pc × φ = 30◦, with 500× 300
cells giving a resolution of 0.03pc ×0.1◦.
3. Stellar evolution models
3.1. 23 M model
Figure 1 shows the path followed by the 23 M model in the HR
diagram, and the evolutionary sequence is shown in Table 1. The
H-core burning phase lasts 6.374 Myr, and the star loses 0.81
M as a fast wind (V∞ ∼ 1,000 - 3,000 km s−1 ) with an average
mass-loss rate of 1.3 ×10−7 M yr−1 . After H-core burning ex-
haustion the star ignites H shell burning, and late He core burn-
ing at 6.4 M yr, becoming an RSG. The cusp in the HR diagram
is related to the change in the mixing length parameter.
In Figure 2 the surface chemical evolution of the 23 M star
is shown. The surface chemical composition does not change
during MS, until a strong dredge-up at the RSG phase transports
H-burning CNO products to the surface: H, O, and C diminish
while He and N increase. The RSG envelope abundances be-
come homogeneous because of the convective efficiency. In the
RSG, the mass loss rate increases to 1.7 ×10−5 M yr−1 and the
star loses 9 M in a dense and slow wind enriched with He and
N from the CNO processing.
The RSG mass loss of the 23 M star is not large enough
to produce a blueward evolution in the HR diagram, and the
star, after core He-burning, ignites C, Ne, and O-core burning
in the RSG phase (Figure 1). The resulted pre-SN model is a 13
M RSG, with a H-rich envelope of 6.8 M and a stellar radius of
R ∼ 700 R, Teff ≈ 4, 000 K, and log L/L ≈ 5.1. According to
Heger et al. (2003), a pre-SN star with an envelope mass higher
than 3M would produce an SN IIp.
3.2. 28 M model
This model evolves according to the evolutionary channel shown
in Table 1 and evolutionary path in Figure 1. The star loses
1.39 M in the MS during 5.252 Myr with a mass-loss rate
of 2.8 × 10−7 M yr−1 . After core H-burning exhaustion the
star becomes an RSG during 3.3 ×105 yr. In the RSG stage,
the stellar hydrogen envelope becomes enriched with He and
N from the CNO, H-shell burning. During the RSG phase, the
28 M star loses 16.9 M and evolves to the blue side of the
HR diagram, performing a blue loop. During the blue loop, we
have a new increase in He and N surface abundances (Figure 2),
whereas the central He mass fraction drops from Yc = 0.469
(blue loop onset) to Yc = 0.218 at the blue tip (t = 5.73 Myrs)
and to total central He depletion (Yc ≺ 1 × 10−4) at t = 5.85
Myrs. Semiconvection mixing influences the formation and ex-
tension of the blue loops (El Eid 1995). Such a feature is ab-
sent in the more recent set of models by Limongi, Straniero &
Chieffi (2000), Meynet & Maeder (2003), Chieffi, Domı´nguez,
Hoeflich, Limongi & Straniero (2003), but similar behaviour
has been obtained by Hirschi, Meynet & Maeder (2004) for a
Table 1. Evolutionary phases.
Model Evolutionary path
23 M MS → RSG → SNIIp
28 M MS → RSG → LBSG → SNIIb
29 M MS → RSG → LBSG → YSG → SNIIb
30 M MS → RSG → LBSG → WNL → WNE → WC
→ SNIb
33 M MS → RSG → LBSG → WNL → WNE → WC/WO
→ SNIc?
Table 2. Lifetimes of nuclear burning.
Model H-burning He-burning C-burning Ne-burning
(×106 yrs) (×105 yrs) (yrs) (yrs)
23 M 6.374 6.01 7 243 3.64
28 M 5.252 5.89 2 238 1.85
29 M 5.100 5.45 2 079 1.19
30 M 4.959 5.15 3 286 0.55
33 M 4.607 5.10 3 576 1.29
20M star as a consequence with a higher mass loss rates dur-
ing He-burning. Core C ignition occurs at 5.87 Myr followed
by successive Ne and O burning. The beginning of each burn-
ing phase is pointed in the HR diagram in the Figure 1. From
Ne-core burning onwards, the location of the modeled star in
the HR diagram does not vary because of the short timescales
of the late burning stages. The last stage corresponds to a star
with an envelope of 0.29 M and surface abundances Xs = 0.44,
Ys = 0.54, and Ns = 0.009. The pre-SN star has a final total mass
of 9.4 M , with a Teff ∼ 11, 688 K and Reff ∼ 110 R, resem-
bling a BSG before SN explosion. We called this type of stars
“luminous blue super giant” (LBSG) to distinguish them from
normal blue super giant (BSG) of much lower masses. Using the
envelope mass criterion from Heger et al. (2003), the explosion
would be an SNIIb type.
3.3. 29 M model
The evolution is quite similar to the 28 M stellar model, because
it loses 1.53 M in the MS during 5.1 Myr and 16.37 M in the
RSG during 3.09 ×105 yr. After the RSG, the 29 M model also
performs a blue loop becoming an LBSG star. Nevertheless, the
blue loop is shorter due to a higher mass loss rate in the RSG
(Renzini et al. 1992). During the He shell burning the star comes
back to the red side of the HR diagram igniting successively C,
Ne and O in the core. The last computed model is an O-core
burning star with a final total mass of ≈ 10M . The envelope
has 0.34 M composed mainly of H, He, and N (Ys = 0.52,
Xs = 0.46, Ns = 0.008). The pre-SN star has a Teff ∼ 7, 509 K
and a Reff ∼ 277 R, looking like a yellow super giant (YSG)
before the SN explosion.
3.4. 30 M model
The 30 M loses 1.67 M in the MS during 4.959 Myr and 18.3
M in the RSG phase during 2.94 ×105 yr. After RSG, the star
evolves towards hotter temperatures because of the high mass
loss rate. At 5.28 Myr, the star becomes a 9.9 M WR star while
it is burning He in the core. The WR phase starts as WR-H rich
(WNL), and due to the strong mass loss rate, the star quickly
loses the stellar envelope, diminishing the stellar mass and lu-
minosity, as is notable in the HR diagram (Figure 1). During
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Fig. 1. Evolutionary tracks for the models with 23 M (top left), 28 M (top bottom), 30 M (bottom left), and 33 M (bottom right) from the
ZAMS to the pre-SN stage. The rhombuses mark the beginning of each core-burning phase. For the 28 M model, the He-core burning is not
included since it lies at the same position of the Ne-burning phase.
WNL, the star loses 1.15 M . We note that recent WR mass-loss
rate estimates are lowered by a factor of 2-3 due to clumpiness
(Hamman and Koesterke 1998), so our WR mass loss rates are an
upper limit. During WR, the star develops three distinct phases:
1) the star spends 4.2 ×104 yr as WNL with a declining pres-
ence of surface-H. The He and N abundances begin to increase
steeply due to the high mass loss rate that peels off the star and
exposes layers enriched with elements from the CNO cycle. At
5.33 Myr, the He and N reaches the maximum value on surface
(Figure 3). 2) The surface-H vanishes (Ys = 0.98) and the star
begins the WN H-poor (WNE) stage during 5.8 ×104 yr with a
slightly lower mass loss rate. The WNL wind is highly enriched
with He and N. The high mass loss rate causes the He and N-
surface abundances to diminish when the star exposes its deeper
layers processed by 3α reactions. 3) When the surface-C abun-
dance is larger than 3 % in mass, a WC phase begins. During
the WC phase, the stellar surface temperature remains almost
constant and the luminosity decreases. Core He-exhaustion cor-
responds to the luminosity minimum. At the ignition of an He-
burning shell, the stellar luminosity increases slightly and the
star returns to the red side of the HR diagram with lower lumi-
nosity. During the redward evolution in the HR diagram, the star
ignites C, Ne, and O-core burning. The pre-SN model is a 5.9
M star with a 1.6 M Si/O core. The star loses the H envelope
and it shows the He core partially processed by 3 α reactions
(Ys = 0.73 and Csup = 0.18). The stellar radius is Reff ≈ 3 R
and the stellar surface has a Teff ≈ 56, 800 K. Here, the stellar ra-
dius or “hydrostatic radius” of a WR star is defined as the radius
of the sonic point in the outflow (Heger & Langer 1996). The
presence of surface-He indicates that the SN light curve would
be an SNIb type.
3.5. 33 M model
This stellar model loses 2.16 M in the main sequence during
4.607 Myr. As an RSG, the star spends 1.7 ×105 yr losing 18.9
M . In a similar way to the 30 M star, this model also becomes
a WR and the transition occurs at ≈ 4.8 Myr. Similar to the pre-
vious case, the whole WR phase is divided into three stages. The
WNL (H-rich) stage lasts 3.6 ×104 yr and the star loses almost
1 M in a WR wind. During WNL, the surface temperature of
the star increases steeply reaching values of 120,000 K when
the star peels off its hydrogen envelope (Ys = 0.98) starting the
WNE (H-poor) stage. The mass-loss rate is reduced slightly and
the star loses 0.8 M in an He and N-rich wind, as is shown
in Figure 3. The He and N abundances reach their maximum
values before the WNE (H-poor) stage. The strong mass loss
exposes the 3α processed material and star becomes a WC/WO
star when the star peels off deeper layers. The strong mass-loss
rate peels off the star so deep that we observe a larger amount of
material processed by 3α reactions than the one observed in the
30 M model. In the WC/WO stage, the star evolves practically
at a constant surface temperature and the luminosity decreases.
Shortly before C core ignition, a He-burning shell expands the
stellar envelope and the star comes back to the red side of the
HR diagram, igniting C, Ne, and O in a successive way. Our last
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Fig. 2. Surface mass fractions of elements as function of time in the 23
M and 28 M models. During MS the surface abundances have the
same value. Abundances of all isotopes of same element are grouped in
a tag to compare them with Cas A composition; i.e. all carbon isotopes
are grouped in the “C” abundance tag.
model has an Si/O core of 1.6 M , and it is close to SN ex-
plosion, only a few days or hours to ignite Si. The intense WR
mass loss has completely removed the stellar envelope and the
star is exposing the He burning shell where most of He has been
processed by 3α reaction. The C-surface abundance is higher
than He or O. There is no presence of either H or N in the stel-
lar surface (the N has been destroyed at the high temperatures
of the 3α reaction). The pre-SN star is a WC with 4.57 M and
Teff = 15, 000 K. The absence of H and the low He-surface abun-
dance indicate that the most probable SN type would be an SNIc.
Table 1 shows a summary of the evolutionary sequences of
our stellar models, including the SN type associated to each star.
The SN type was determined using the stellar envelope mass
criterion according to Heger et al. (2003). There is no model
ending as WNL/WNE due to the high mass-loss rates at WR
stages. The WR mass loss rates used here are slightly higher than
those in Nugis & Lamers (2000), and the effect of clumpiness
have not been taken into account, thus, the WR mass loss rates
can be considered as upper limits.
Table 2 shows the nuclear burning lifetimes for each star.
Core He-exhaustion corresponds to the minimum in luminosity
(similar to Figure 2 by Woosley et al. 1995). The subsequent
expansion is driven by shell helium burning. Although burning
lifetimes after C-ignition are short, the final evolution in the HR
diagram for 30 M and 33M produce redward excursions. The
redward excursion of this type is an anomalous feature, as our
referee pointed out, and none of the models avaliable in the liter-
ature show such behavior. We think that the reason for “life after
C-ignition ” in the HR diagram of these models is the rather low
final mass (6 M or less), giving long Kelvin-Helmholtz times (7
×103 yrs in 30 M and 5 ×103 yrs in 33M models at C-burning
ignition, even larger than C-burning lifetimes). This anomalous
behavior will be the subject of a future study to confirm our find-
Fig. 3. Surface mass fractions of elements as function of time in the 30
M and 33 M models. During MS, the surface abundances have the
same value. Abundances of all isotopes of same element are grouped in
a tag to compare them with Cas A composition; i.e. all carbon isotopes
are grouped in the “C” abundance tag.
Table 3. Final stellar models.
Table 4. Mf refers to final stellar mass, MHe is He-core mass, MCO is
CO-core mass and Menv is the stellar envelope mass, all in units of M .
Rfin is the final stellar radius.
Model Mf MHe MCO Menv Rfin Teff
(M ) (M ) (M ) (M ) (R) (K)
23 M 13.2 6.45 2.23 6.75 700 4 111
28 M 9.3 8.97 3.37 0.29 100 11 688
29 M 9.9 9.31 3.07 0.34 270 7 509
30 M 5.8 5.85 2.86 – 3 57 430
33 M 4.57 4.57 2.93 – 36 15 719
ing. Table 3 shows a summary of the main characteristics of our
pre-SN models.
4. Hydrodynamical simulations
4.1. Main sequence and red super giant phases
The CSM evolution strongly depends on stellar evolution out
through the stellar wind properties (wind momentum and me-
chanical energy). In this study, we do not consider the effects of
photoionization from stellar radiation, magnetic fields, or heat
conduction. To simulate the ionization post-RSG from the stellar
radiation field, we change the lower cutoff temperature to 104 K,
saving a large amount of computational time (GLM96AB). By
doing this, we assume that the wind and RSG shell will be ion-
ized (optically thin), and its temperature corresponds to the ion-
ization equilibrium temperature.
For simplicity, the numerical calculation are divided into
four stages: MS (1D), RSG (1D), blue loop or WR star (2D),
and SN interaction (2D). Since our main focus is the final SN
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Fig. 4. Logarithm of the mass loss rate as function of time (from top to
bottom) for the 23, 28, 29, 30 and 33 M models. The MS, RSG and
post-RSG stages can be clearly distinguished. The highest mass loss
rates corresponds to RSG stages.
interaction with the nearby CSM, the HII region around the MS
is not computed either.
Figures 4 and 5 show the stellar mass-loss rates and wind ve-
locities as a function of time obtained from the stellar evolution
calculations. The average wind velocities, total mass lost, and
lifetimes at each stages are compiled in Tables 3, 4, 5, 6, and 7.
Figures 4 and 5 reflect the different stellar evolutionary
stages. During MS a slightly increase in the mass-loss rate is
observed as a function of effective stellar radius and tempera-
ture. The opposite behavior for the velocity. During RSG, the
mass-loss rate increases nearly by two orders of magnitude. The
RSG wind is much slower and denser than the MS wind.
The hydrodynamical calculations start at ZAMS, in a homo-
geneous and quiescent ambient medium with an uniform density
appropriate for Cas A of no = 13cm−3 (Willingale et al. 2003),
and an initial thermal energy density of 1 × 10−13erg/cm3.
During the MS, the wind kinetic energy is converted into
thermal energy by collision at the reverse shock, forming an adi-
abatic bubble surrounded by a shocked, swept-up shell of inter-
stellar material (MS shell) (Weaver et al. 1977). Using an aver-
age value of Lw = 5.5×1035ergs−1 for the mechanical luminosity
and no = 13cm−3 for the ISM density in the Weaver et. (1977)
analytical solutions, we obtain MS shell radii in close agreement
with the calculations (Fig. 6).
During the RSG phase, there is a large uncertainty in the
wind velocity (Chiosi & Maeder 1986). In our case, the stellar
wind-velocity outputs from the stellar evolution code decreases
down to 250 km s−1 , although we would expect RSG wind ve-
locities to be even lower. Because of the uncertainty on RSG
wind velocities, ranging between 10 - 160 Kms−1, and the lack
of theoretical values (Dupree 1986), we used a standard veloc-
ity of 10 Kms−1, in agreement with other authors (Chevalier and
Oishi 2003).
We performed the CSM evolution for RSG phase in 1D,
since the RSG shell is quite stable for low RSG wind velocities
(Garcı´a-Segura et al. 1996A, Freyer et al. 2006). Faster winds
are subject to the Rayleigh-Taylor (R-T) instability (for LBVs
see Garcı´a-Segura et al. 1996B; for RSG see Dwarkadas 2007).
Fig. 5. Terminal wind velocities as a function of time (from top to bot-
tom) for the 23, 28, 29, 30 and 33 M models. The lowest wind veloci-
ties corresponds to RSG stages.
The R-T instability produces fingers in the RSG shells, but the
instability does not affect the position of their inner edge.
The duration of the RSG stage is different for each star, rang-
ing from 1 ×105 to 6 ×105 yr, but the impact in the CSM is quite
similar. During RSG, the winds build up shocked shells where
the ram pressure of the RSG wind balances the thermal pres-
sure of the main sequence bubbles. The CSM density profiles for
each star at the end of the RSG phases is shown in Fig. 6. We
observe that larger RSG shells correspond to low masses since
they spend longer times as RSGs. Denser winds correspond to
more massive stars. On the other hand, MS shell radii are quite
similar at the end of RSG phases, since higher stellar masses
with higher mechanical luminosities live shorter.
4.2. Post-RSG evolution and SN blast wave
4.2.1. 23 M model. RSG progenitor
The 23 M model ends up as a 13.2M RSG SN progenitor.
At the time of SN explosion, the CSM is composed of a free-
streaming and dense RSG wind with a density profile ρ ∝ r−2
surrounded by an RSG-shocked wind shell. A hot MS bubble re-
mains outside the RSG shell, delimited by an ISM shocked shell
at ∼ 33 pc (MS shell). In this medium, we computed the ejection
of mass from SN explosion in a two-dimensional numerical grid.
The simulation was done in a numerical grid of 500 × 300, cov-
ering the surrounding space from the star up to 15 pc, in order to
compare with the size of Cas A. The numerical domain covers
15 pc × 30◦ with a resolution of 0.03 pc in radial direction and
0.1◦ for the azimuthal direction.
To study the blast wave interaction with the CSM, we as-
sume an energy of 2 × 1051erg for the SN explosion appropri-
ated for Cas A (Hwang & Laming 2003; Willingale et al. 2003;
Vink et al. 2004). The outer stellar layers are ejected in the ex-
plosion (11.6M ) leaving a stellar remnant of 1.6M . The rem-
nant mass was chosen according to deleptonized cores in mas-
sive stars (Woosley et al. 2002). For simplicity, we set up the
explosion with an over-pressure region at the center of the grid,
with constant density (corresponding to the ejecta mass over the
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Table 5. Wind properties of the 23 M model. Quantities are obtained from STERN code and refers to average values. The (*) indicate that the
reported value was changed in the hydrodynamical simulations (see text for details).
Stage ∆t log ˙M ∆M v∞
(Myrs) (M /yr) (M ) ( km s−1 )
MS 6.374 -6.87 0.81 2,000
RSG 0.622 -4.77 8.96 260 (*)
Table 6. Wind properties of the 28 M model.
Stage ∆t log ˙M ∆M v∞
(Myrs) (M /yr) (M ) ( km s−1 )
MS 5.252 -6.55 1.39 2,000
RSG 0.313 -4.27 16.85 260 (*)
LBSG 0.303 -5.96 0.33 400
Table 7. Wind properties of the 29 M model.
Stage ∆t log ˙M ∆M v∞
(Myrs) (M /yr) (M ) ( km s−1 )
MS 5.100 -6.48 1.53 2,000
RSG 0.309 -4.28 16.37 260 (*)
LBSG 0.218 -6.28 0.27 600
Fig. 6. Logarithm of gas density at the end of each RSG phases. The
swept up shells formed at the main sequence phases are located at dis-
tances of ∼ 35 pc. The RSG pilled up shells (∼ 3 pc) form inside of
the MS bubbles, where the RSG wind ram pressure balance the ther-
mal pressure of the main sequence bubble. The largest RSG shell radius
correspond to the 23 M model.
volume region) and a high thermal energy (= 1051 erg) and with
an initial velocity assuming that 1051 erg were in the form of
kinetic energy. The approximation is sufficient for the scope of
this study. The density profile, after several years, is determined
by the hydrodynamical expansion of the ejecta. Using numerical
inspection, we observed a density profile of ρ ∝ r−10.2 at 167 yr
after explosion, very similar to those proposed by Matzner and
McKee (1999) for this SN type.
Figure 7 shows the logarithm of density snapshots for eight
different times, from the explosion up to 1167 yr after it. The
first slice on the left corresponds to the pre-SN CSM (tSN = 0 yr),
and the hydrodynamical evolution runs clockwise. The SN ejecta
interacts first with 5.8 M of dense RSG wind (ρ ∝ r−2). After
that, the ejecta encounters a 3.14 M RSG shell at a distance of
3.5 pc from the star, with a low expansion velocity (5 km s−1 )
with respect to the star. The initial velocity of the forward shock
is 4,200 km s−1 and the ejected mass is 11.6 M. The slice 2
shows the density at 334 yr after the explosion (the age of Cas
A). At this moment, the forward shock has a v ∼ 4, 000 km s−1 ,
and it has not interacted yet with the RSG shell. The forward
shock front is at 2.2 pc and it has shocked 3.6 M of the RSG
stellar wind. The blast wave hit the RSG shell 830 yr after the
explosion.
4.2.2. 28 and 29 M models. LBSG progenitors
The hydrodynamical evolution of both modeled stars is quite
similar, so we only discuss the 28 M model. After the RSG
phase, the star evolves blueward performing a blue loop. During
the blue loop, the wind velocity increases to reach a maximum
value of 550 km s−1 according to empirical LBSG wind veloc-
ities (Chevalier and Fransson 1987). The interaction of the su-
personic LBSG wind with the slow and dense RSG wind mate-
rial produces a double shock-front structure, and a new bubble
of hot shocked wind (LBSG bubble). The thermal pressure of
the LBSG bubble pushes the medium in a quasi-adiabatic shock
and sets up a new shell of shocked, swept-up RSG wind (LBSG
shell). Figure 8 shows the formation of the LBSG shell through
the blue loop. The LBSG shell is affected by Rayleigh-Taylor
(RT) instabilities at the interface, when it is accelerated by the
LBSG bubble pressure. The LBSG shell collides with the RSG
shell at 3.4 pc. The expansion velocity of the LBSG shell (35
km s−1 ) is higher than the one of RSG shell (5 km s−1 ), and
the LBSG and RSG shell remain separated for ∼ 105 yr previous
to their collision. The peak density of the LBSG shell is 2.6 times
more than the RSG shell. Both shells merge and form a massive
shell moving out with a common velocity of ≈ 18 km s−1 . The
new LBSG+RSG shell moves outwards into the MS bubble, and
it develops RT instabilities in the outer edge, since the shell is
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Table 8. Wind properties of the 30 M model.
Stage ∆t log ˙M ∆M v∞
(Mysr) (M /yr) (M ) ( km s−1 )
MS 4.959 -6.34 1.67 2,500
RSG 0.294 -4.19 18.30 250 (*)
WNL 0.042 -4.55 1.15 1,000
WNE 0.058 -4.89 0.75 1,000
WC/WO 0.149 -4.80 2.23 1,000 (*)
Table 9. Wind properties of the 33 M model.
Stage ∆t log ˙M ∆M v∞
(Myrs) (M /yr) (M ) ( km s−1 )
MS 4.607 -6.39 2.16 2,500
RSG 0.172 -3.96 18.90 250 (*)
WNL 0.036 -4.55 1.00 1,000
WNE 0.036 -4.66 5.46 1,000
WC/WO 0.394 -5.00 0.40 1,000 (*)
Fig. 7. Blast wave evolution for the 23 M model (logarithm of gas den-
sity in g cm−3). The pre-SN CSM is shown on the left slice. Time runs
clockwise, with 333 yr time difference between slices. Slice 2 corre-
sponds to the age of Cas A. The supernova blast wave as well as the
result from the collision are R-T unstable, but this is not very well re-
solved at this resolution.
decelerating. The outer edge is subsonic with respect to the MS
bubble, and there is not a forward shock. As the shell propagates
outwards eventually breaks-out (Fig. 8, slice 5).
The final position of the merged shell is spread between 7.6 -
9 pc. It has a swept-up mass of 17.2 M and some regions have a
peak density higher than ρ ≈ 1.67 × 10−24gr/cm3, able to be de-
tected in circumstellar nebula (GLM96A.) The mass of the wind
inside the LBSG bubble is less than 0.05 M . The density profile
of the pre-SN medium around the star of 28 M is shown in slice
8 of Figure 8. The LBSG shell is composed mainly of H, He, and
N because it was formed from swept-up RSG wind. The LBSG
wind is enhanced with He and N, and it is H deficient, although
H still is an important wind component. The stellar surface of
the pre-SN LBSG is He, H and N abundant in that order.
The blast wave was simulated like in the 23 M model, using
the same SN energy. In this case, the SN ejects a mass of 7.86
M , leaving a stellar remnant of 1.5 M . The blast wave evo-
lution is shown in Figure 9. The initial forward shock velocity
is 8,000 km s−1 . In slice 2 of Figure 9 we observe the CSM
at the age of Cas A (tSN = 334 yr). Here, the blast wave has
Fig. 8. Post-RSG CSM evolution of the 28 M model. The figure shows
the logarithm of gas density (g cm−3). The CSM at the onset of LBSG
phase (t = 5.64 × 106 yr) is shown on the left slice. The evolution runs
clockwise. Slices have a ∆t = 50,482 yr. Slice 6 occurs at t = 5.893×106
yr, when the star is at core O exhaustion (pre-SN).
Fig. 9. Blast wave evolution for the 28 M model (logarithm of gas den-
sity in g cm−3). The pre-SN CSM is shown on the left slice. Time runs
clockwise, with 333 yr time difference between slices. Slice 2 corre-
sponds to the age of Cas A.
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Fig. 10. Post-RSG CSM evolution of the 30 M model. The figure
shows the logarithm of gas density (g cm−3). The CSM at the end of
RSG phase (t = 5.267× 106 yr) is shown on the left slice. The evolution
runs clockwise. Slices have a ∆t = 8,733 yr . The SN occurs 1.3 × 105
yr after slice 8.
shocked all the free LBSG wind and starts the interaction with
the LBSG shocked wind (LBSG bubble). The forward shock is
at 3.3 pc and has shocked less than 0.1 M of the LBSG stel-
lar wind. The collision of the blast wave with the LBSG bubble
produces a direct shock front propagating into the bubble and a
reflected shock traveling back. The collision causes a sudden in-
crease in the temperature of the shocked gas and an increment in
the x-ray emission.
The direct (forward) shock collides with the merged
(LBSG+RSG) shell at 1,100 yr after the explosion, with a ve-
locity of 6,500 km s−1 . The collision transmits a shock into the
merged (LBSG+RSG) shell, with a strong acceleration of the
shell. The shock loses a large amount of energy at the collision.
At the collision knots traveling outwards are formed with a wide
range of velocities and densities.
4.2.3. 30 and 33 M models. WR progenitors
After the RSG phases, the 30 and 33 M models shed their
H envelope and become WR stars with faster winds ( 1,000
km s−1 ) and with lower densities than the RSG winds. The
chemical composition in the WR winds is mainly He, H and N,
in the WNL phase with a declining presence of H. WNE winds
are composed mainly of He and N. The WC/O winds are still
He-rich but with a strong abundance of C and O and declining
presence of N (Figure 3).
At the beginning of the WR phases, the RSG shells are lo-
cated at 2.5 pc. They are ionized by the intense stellar radiation
coming from the WR stars and their temperature increases to
the photoionization equilibrium temperature (T ∼ 104 K). Fast
WR winds sweep up the dense and slow RSG winds to build up
swept-up shells (WR shells). Figure 10 shows the logarithm of
gas density at the end of the RSG phase (slice 1) and the for-
mation of the WR shell for the case of the 30 M model. The
expansion velocity of the WR shell is ∼ 100 km s−1 . The WR
shell hits the RSG shell at 5.3 Myr, 2.2 ×105 yr before SN explo-
sion. As a result of the strong collision, both shells are broken at
radii smaller than 5 pc (slice 5 of Fig. 10), forming clumps and
tails of dragged shell material. At SN explosion, the fragmented
shell consists of dense knots lying at a distance greater than 20
pc and irregular tails that are spread in an annulus of 20 pc of
inner boundary and 30-35 pc in the outer edge (the MS shell at
∼ 35 pc).
The blast waves were simulated similar to the 23 and 28
M models. The modeled WR stars explode with an energy of
2 × 1051 erg, ejecting into space less than 5 M, leaving stellar
remnants of ∼ 1.5 M (Table 10).
Initial velocities of the SN forward shocks are ∼ 7,000
km s−1 , and at the age of Cas A, they have slightly decayed
to 6,800 km s−1 , at distances of 3.1 pc from the explosion cen-
ters. At this age, the SN shock fronts are still interacting with the
free WR winds.
The wind termination shocks of the WR bubbles are at dis-
tances greater than 10 pc, and the SN shocks take more than 600
yr to reach them. The blast waves hit the knots from the broken
WR shells at times longer than 1,000 yr after the explosions.
Since the purpose of this work is to compare our simulations
with the observational constraints of Cas A, we did not carry
out the whole interaction of SN shock fronts with WR CSM.
Interactions of SN shock fronts with WR bubbles has been sim-
ulated by Dwarkadas (2007).
5. Comparison with Cas A
There is a wide variety of observations to constraint the progen-
itor of Cas A. In this section we have used the strongest obser-
vational constraints to compare them with our stellar and hydro-
dynamical simulations in order to find the best progenitor model
for Cas A.
5.1. Comparison with stellar models. Quasi Stationary
Floculii
Chevalier and Kirschner (1978) report N and He excess in QSFs
with ratios of N/H ∼ 7-10 and He/H ∼ 3 -5 times the solar values.
The overabundances lead to proposing that QSFs were stellar
material processed by the CNO cycle, transported to the surface
and lost by the stellar wind (Kamper and van den Bergh 1978), or
as clumpy ejecta (Chevalier & Oishi 2003). Some authors have
proposed that Cas A progenitor was a WN star (Peimbert 1971,
Fesen et al. 1987, Willingale et al. 2003) from the QSFs chemical
ratios.
Figure ?? show the evolution of the index 12 + log(N/H) and
12 + log(He/H) on the stellar surface of the 30 and 33M mod-
eled stars to compare them with the observational ratios found in
QSFs. The stellar surfaces exhibit N/H and He/H ratios similar
to those in QSFs at t = 5.321 Myr for the 30 M model, and at
t = 4.789 Myr for the 33 M. In both WR stars, we observe that
the QSF ratios appear at the onset of the WNE phase, so it is
quite reasonable that QSFs come from WNE stellar winds. After
the WNE, the N/H and He/H ratios continue increasing, and any
mass ejections from the stellar surfaces after WNE will contain
at least QSF ratios, or even higher.
The 23, 28, and 29 M models do not exhibit surface QSF
ratios at any time. The N/H and He/H ratios are always much
lower than those values observed in QSFs. If we accept the sce-
nario in which QSFs were expelled from the stellar surface as
wind or blobs, then it is difficult to postulate a RSG precursor
for Cas A. However, this cannot be ruled out, since stronger N
enrichment is expected at the surface of rotating stars (Heger &
Langer 2000).
10 Pe´rez-Rendo´n, Garcı´a-Segura and Langer: SN progenitor stars of initial 23 to 33 M
Fig. 11. Evolution of the 12 + log(N/H) ratio (solid line) and 12 +
log(He/H) ratio (pointed line for 30M model and dashed line for 33
M model) on the stellar surface. We show the time interval for which
the stellar surface of our models exhibits QSF ratios (from Chevalier
and Kirshner 1978) marked by arrows.
5.2. Comparison with stellar models. Nitrogen Knots
The NKs were identified for the first time in spectroscopic ob-
servations of the outer optical knots by Fesen (2001). Fesen
found four dozen fast knots (∼ 8,000 - 10,000 km s−1 ) with
nitrogen-rich abundances with typical limit of N/H ∼ 30 times
solar. Their estimated space velocities suggest a nearly isotropic
(∼ 10, 000 km s−1 ) ejection velocity. Because of the isotropic
ejection, the N-rich ejecta fragments were presumably shrapnel
from an N-rich envelope of the precursor. The presence of an ap-
preciable H emission in just 3 of the 50 NKs suggest an H-poor
photosphere when the SN occurs, since a significant mass accre-
tion of circumstellar material onto the NKs seems unlikely. The
H + N rich photospheric layers must have had very low mass
(Fesen 2001), suggesting a pre-SN star whose mass loss was not
enough to expose the CO layers processed by 3α reaction, where
N is destroyed.
The 23 M model has a pre-SN star that is an RSG with a
very massive H envelope (Xs = 0.62, Ys = 0.36). The surface N
is the fourth element in abundance by mass. This H envelope is
unlikely to produce and eject H poor clumps like the NKs.
The 28 and 29 M models are LBSGs when they explode,
and have pre-SN envelopes of small masses (∼ 0.3M ) com-
posed mainly of He, H, and N (in that order by mass abun-
dances). The nitrogen on the surface is an efficient coolant that
quickly cools down the gas and forms knots resembling NKs
during SN ejection. The N/H ratio found in NKs comes from ma-
terial that has undergone CNO processing up to  90 % of the
H-depleted (Young et al. 2005), and the material in our LBSG
pre-SN envelopes are ∼ 60 % H-depleted. Then, our LBSG pro-
genitors are the most likely stars to produce clumps resembling
NKs.
The pre-SN of the 30 M model has N on its surface, but
does not have a signifiant stellar envelope. During ejection, the N
on the surface could cool down to form knots at high velocities,
but lacking hydrogen. In the 33 M model, the WR mass loss
removes all of the N-rich material from the stellar surface. The
peeling off reaches deep layers where most of the material was
processed by the 3α nuclear reaction, destroying the N, so the
ejected mass is unable to form NKs.
5.3. Comparison with stellar models. SN ejected mass
The mass ejected by the SN explosion of Cas A has been mea-
sured using several methods. Willingale et al. (2002) combine
x-ray spectral line fitting with emission models to estimate the
total amount of emitting material, estimating an ejected mass of
2 - 4 M with 1-3 M of oxygen. Vink et al. (1996) has deter-
mined an ejected mass of ∼ 4M with an ejected oxygen mass
of ∼ 2.6M .
The final masses of our stellar models are shown in Table 3,
and the total ejected masses and yields by elements are shown
in Table 10, using mass cuts according to Woosley et al. (2002).
Ejected masses by the 23, 28, and 29 M models are higher
than the observational values in Cas A. The RSG progenitor (23
M model) ejects the highest amount of mass, 11.6 M, and
the LBSG progenitors (28 and 29 M models) ejects ∼ 8 M.
Neither the RSG nor the LBSG models satisfy the low ejecta
mass constraint.
To eject the mass observed in Cas A (2 - 4 M ), our RSG
and LBSG stars must lose a large amount of material previous
to the SN explosion. Higher mass-loss rates in RSG have been
proposed recently (Schroder & Cuntz 2005) that could reduce
the final mass of our RSG and LBSG precursors. However, a
stronger mass loss in RSG phases will modify the stellar evo-
lution, actually forming WR stars. The ejected mass is also re-
duced if the stellar explosion leaves a black hole as a remnant,
with ≥ 6 M . The stellar remnant of Cas A was observed in
x-rays (Tananbaum 1999), whose nature is still being discussed
(Mereghetti et al. 2002). However, stars with inital masses lower
than 25 M seem unlikely to produce black holes (Heger et al.
2003).
Mass-loss rates in WR stars are high enough to uncover the
CO-rich material, reducing final masses to ≺ 6 M. An ejected
mass of 2-4 M leaves a stellar remnant of 1-2 M and would
produce a neutron-star remnant. Ejected masses by our WR pre-
cursors lie in the range of 3-4.5 M , in excellent agreement with
the values measured in Cas A.
5.4. Comparison with hydrodynamical models. Forward and
reverse shock fronts
The forward shock of Cas A has been detected in x-rays at a ra-
dius of ∼ 150′′ ± 12′′ (2.5 ± 0.2 pc), interacting with the CSM
(Gotthelf et al. 2001). This shock front has a velocity of ∼ 6,000
- 7,000 km s−1 (DeLaney and Rudnick 2003). The reverse shock
position is less clear, at an average radius of 1.6 pc with a varia-
tion of 14 % around the remnant (Gotthelf et al. 2001).
The CSM around our RSG progenitor is a dense and uni-
form, free expanding wind with a density profile of the type
ρ ∝ r−2, extended up to 3.5pc, surrounded by a dense RSG,
piled up shell. Beyond the RSG shell is the hot bubble and MS
shell at 33pc. Initially, the computed blast wave expands at ∼
4,200 km s−1 . At 334 yr, the SN forward shock is located at 2.2
pc, still inside of the RSG wind, with an expansion velocity of
∼ 4,000 km s−1 . The SN reverse shock is at 1.7 pc , giving a
ratio of 1.3 for their radii. The observed ratio for the radii of Cas
A is ∼ 1.5. The self-similar solutions of Chevalier (1982) show
that an ejecta of the type ρ ∝ r−10.12, interacting with a stellar
wind, produce a ratio of 1.26. Thus, the radii of both shocks and
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Table 10. Ejected masses from the stellar models. Mrem is the mass cut chosen from Woosley et al. (2002). Mej is total ejected mass. Last five
columns show the yields by element.
Model Mrem Mej H He C N O
(M ) (M ) (M ) (M ) (M ) (M ) (M )
23 M 1.60 11.6 3.84 6.08 0.57 4.1 ×10−2 0.93
28 M 1.50 7.86 0.21 3.14 1.38 1.4 ×10−2 2.77
29 M 1.53 8.42 0.10 3.39 1.50 2.0 ×10−2 3.13
30 M 1.45 4.40 2.3 ×10−9 1.51 0.99 3.9 ×10−3 1.51
33 M 1.50 3.12 1.3 ×10−9 0.43 0.92 1.1 ×10−5 1.26
their ratio are in close agreement with those observed in Cas A,
in favor of the 23 M model.
The pre-SN CSM around the LBSG progenitor also has a
density profile ρ ∝ r−2, but less dense than the RSG medium
because of the higher wind velocity. The free LBSG wind has
a mass below 0.1 M and the termination shock is at ∼ 1pc.
The shocked LBSG wind builds up a hot LBSG bubble, sur-
rounded by a dense, piled-up “LBSG+RSG” shell at ∼ 7.6 -
9 pc from the star. The “LBSG+RSG” shell has a mass of
17.2 M. Most of the mass in the shell has a peak density
higher than 1.67 × 10−24 g cm−3 , which can be detected in the
CSM (GLM96A). For this case, the blast wave has an initial
v ∼ 8, 000 km s−1 and the shock velocity does not change
appreciably during the LBSG wind interaction, due to the low
density. At 334 yr, the SN forward shock is at 3.3 pc, with
v ∼ 7, 000 kms−1, and the reverse shock is at 2.4 pc, giving
a ratio of rf/rr ∼ 1.4, quite similar to the value observed in Cas
A. However, the shock positions are larger than in Cas A by a
factor of 1.3–1.5 .
The CSM around the WR progenitors (30 and 33 M mod-
els) is strongly affected by the high mechanical luminosity of
the WR winds, which completely clears out the surrounding
medium up to the termination shock at the inner edge of WR
bubble. In the case of the 33 M, the stellar wind interacts di-
rectly with the clumps of the broken WR shell producing bow
shocks. In both cases, the strong WR winds clear out the CSM
at least up to 10pc, so the pre-SN circumstellar medium inside
of 10 pc only consists of a low-density, fast wind, with ρ ∝ r−2
profile. The SN ejecta interacts with this medium at an initial
velocity of 9,500 km s−1 . At 334 yr, the SN forward shock is at
3.1 pc, with ∼ 9, 000 km s−1 , and the reverse shock front is at
1.5 pc, with 5,500 km s−1 .
5.5. Comparison with hydrodynamical models. QSF
locations and shocked mass
QSFs in Cas A are distributed around the remnant center with
typical radii of ∼ 1.9 - 2 pc. Their enhanced density was one
of the reasons to argue in favor of a dense circumstellar shell
(Chevalier & Liang 1989). The N enrichment in QSFs seems
to be the result of CNO-burning in combination with mass loss
from the progenitor. Based on the high N/H ratios, several au-
thors have proposed WN and RSG stars as progenitors, where
the QSFs represent clumps ejected from the N-enriched stellar
surface with strong density contrasts (∼ 102 − 103) compared
with a smooth wind (Chevalier & Oishi 2003).
QSFs seem to lie in a circumstellar shell shocked by the SN
forward shock; however, our SN precursors develop circumstel-
lar piled-up shells much farther out than 2 pc. Even the nearest
computed shell has a larger radius than the forward shock radius
of Cas A. In our simulations, the blast wave hits the RSG shell
at 830 yr after the explosion, the LBSG shell at 1,100 yr, and the
WR shell at 1,670 yr, a much longer time than the age of Cas A.
To reproduce the QSF positions of Cas A, the inner shells
in our models must be closer to the star (Schure et al. 2008).
Smaller shells could be formed in different ways, for example,
if the duration of the latest evolutionary stage (LBSG or WR)
is shorter. Also, circumstellar shells could be smaller if their
expansion were slower. The velocity Vs of an energy, wind-
driven shell expanding in a previous wind is given for example
by (Chevalier & Imamura 1983):
Vs =


˙M2V22 V1
3 ˙M1


1/3
(1)
where subindex 1 refers to the slow wind and subindex 2 to
the fast wind. If the RSG mass-loss rates were higher and/or
LBSG/WR mass loss rates were lower, then the resulted swept-
up shells would be slower and smaller. Increased RSG mass loss
rates have recently been suggested by Schroder & Cuntz (2005),
while lower mass loss rates in WR stars due to clumpiness
have been taken into account recently by Hamann & Koesterke
(1998), and by Eldridge & Tout (2004). Modifying the mass loss
rates, however, would affect the entire stellar evolution so new
computations would be required.
Most of the models for the emission of Cas A establish that a
fraction of the pre-SN mass loss becomes observable when hit by
the blast wave. For example, the x-ray emission in Cas A comes
from high-temperature material heated by both SN shocks. The
total x-ray emitting mass in Cas A is ∼ 14 M , being approxi-
mately 2–4 M from the SN shocked ejecta and ∼ 8–9 M from
the swept-up mass (Vink et al. 1996, Willingale et al. 2002).
Tsunemi et al.(1986), however, found a lower swept-up mass of
∼ 2.4 M , using a non-equilibrium, ionization plasma hypoth-
esis. When we compare our results with the shocked mass in
Cas A, we find that only the RSG progenitor is able to provide
enough shocked mass due to the dense RSG wind. The LBSG
and WR SN progenitors have extended zones of free streaming
wind with very low masses, which are insufficient to explain the
large amount of emitting mass in Cas A.
6. Summary and conclusions
1. The RSG progenitor (23 M model) agrees quite well with
the shock fronts positions and shock fronts ratio observed
in Cas A. Due to the dense RSG wind as pre-SN, this kind
of progenitor is the one able to explain the large amount of
swept-up mass observed in the remnant. The RSG progen-
itor, however, fails to produce the high N/H and He/H ra-
tios observed in QSFs, if we accept the scenario where QSFs
were ejected from the stellar surface as a smooth wind or
blobs. The H-rich envelope of the RSG also fails to produce
the NKs. The large amount of ejecta mass (11.6 M ) during
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the SN is not able to explain the observed ejecta mass (2–4
M ) in Cas A, which is ∼ 60 % lower.
2. The LBSG progenitors (28 and 29 M models) are the best
candidates for producing NKs as a result of N condensations
from their low mass and H-poor envelopes. These stars, how-
ever, do not develop QSF abundances in their surfaces, al-
though the He/H and N/H ratios are higher than those from
the RSG progenitor. The SN ejecta masses are higher than
the observational values by a factor of 2.
3. The first WR progenitor (30 M model) loses its H envelope
but contains enough N onto the surface to produce features
similar to NKs. The final stellar mass is low (5.85 M ) and
the SN ejecta mass (4.40 M ) agrees with what is observed
in Cas A. Additionally, the 30 M model shows QSFs ratios
on it surface at the beginning of WN-H poor stage.
4. The 33 M model has the advantages of a WR progenitor,
i.e., surface QSF abundances and low SN ejecta mass; how-
ever, the WR loses all the N on its surface to produce NKs.
The large WR mass-loss rate peels off the star and exposes
the core processed by 3α reactions.
5. The QSFs in Cas A are located at an average radius of ∼ 1.5
pc. None of our models give the correct position because the
RSG, LBSG, or WR shells have larger radii. To reproduce
the QSF positions and to increase the amount of shocked,
swept-up mass as observed in Cas A, the inner shells of
our LBSG/WR progenitors must be closer to the star. This
can be achieved by higher RSG mass loss rates (Schroeder
and Cuntz 2005) and/or by lower LBSG/WR mass loss rates
(Hamann and Korestke 1998).
6. There are many uncertainties that should be investigated in
future papers, like the mass-loss rate in the various regions of
the HR diagram, or the overshooting, which alters the loca-
tion of the star in the HR diagram and hence affects the mass-
loss rate, and also the inclusion of stellar rotation, which pro-
duces important changes in both the evolution and the mass-
loss rate.
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